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Abstract

Purpose The response rate of first-line fluoropyrimidine-
based regimens for metastatic colorectal cancer (mCRC) is
generally less than 50 %. The down-regulation of miR-197
in colorectal cancer cells after exposure to 5-fluorouracil
might be related to the mechanism of resistance to fluo-
ropyrimidine-based chemotherapy. So we investigated the
regulatory mechanism of miR-197 on 5-FU sensitivity.
Methods Dual luciferase reporter gene construct and dual
luciferase reporter assay were used to identify the target of
miR-197. TYMS expression was evaluated by immuno-
histochemistry staining. 5-Fu resistance of colorectal can-
cer cell lines was detected by MTS assay. The expression
of miR-197 was detected by real time PCR.
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Results A luciferase assay and western blot analysis
confirmed that miR-197 directly binds to and negatively
regulates TYMS expression. Overexpressing miR-197
could increase the sensitivity of colorectal cancer cells to
5-fluorouracil (5-FU). The expression of miR-197 nega-
tively correlated with TYMS expression in cancerous tis-
sues from patients with stage IV colorectal cancer.
Conclusion miR-197 mediates the response of colorectal
cancer cells to 5-FU by regulating TYMS expression.

Keywords miR-197 - 5-Fluorouracil - Resistance -
Thymidylate synthase - Colorectal cancer

Introduction

Colorectal cancer is the most frequently diagnosed malig-
nancy of the gastrointestinal tract. It is the third most
common cancer in males and the second most common in
females globally, with an annual incidence of more than
1.2 million cases [1]. The 5-year survival rate of patients
with advanced colorectal cancer (stage IV and unresectable
stage Illc colorectal cancer) is less than 12 %. Approxi-
mately, 20 % of patients with colorectal cancer already
bear distant metastases at the time of diagnosis. Moreover,
up to 50-60 % of patients eventually develop recurrent
disease and metastasis. Despite the rapid development of
novel targeted therapies, fluoropyrimidine, either in com-
bination or as a single agent, remains the mainstay of
treatment strategies for disseminated, metastatic, colorectal
cancer. However, the response rate of combined
chemotherapy and fluoropyrimidine-containing regimens is
less than 50 %. Several issues need to be elucidated: First,
the patients who would benefit most from a 5-fluorouracil
(5-FU)-containing regimen need to be identified. Second,
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the molecular mechanism that is involved in the process of
5-FU resistance needs to be delineated. Because person-
alized medicine is rapidly being more widely adopted,
recognizing differences between patients that present with
identical location, histology and stage is crucial. Discov-
ering specific biomarkers of chemotherapy response is a
primary step toward implementing individualized
treatment.

Thymidylate synthase (TYMS) is one of key enzymes of
the 5-FU catabolic pathway, and this enzyme has been
associated with the response to 5-FU-based therapy.
Among them, the TYMS activity is the best predictor of the
sensitivity to 5-FU. In the early 1980s, TYMS over-ex-
pression was already found to be involved in the resistance
to 5-FU in human cell lines. A meta-analysis of 24 studies
that included 1112 patients demonstrated that advanced
CRC patients with a low expression of TYMS were more
sensitive to fluoropyrimidine-based chemotherapy, with
TYMS expression having a better predictive value in
metastases than in primary lesions [2].

Recently, microRNAs have drawn considerable atten-
tion in cancer biology. MiRNAs are ~22 nucleotide,
endogenous, non-coding RNAs that can induce transla-
tional repression and mRNA degradation by binding to
complementary sequences in the 3’ untranslated regions
(3’'UTR) of the targeted mRNAs. MiRNAs are not prone to
degradation due to their small size, and they are easily
isolated and detected in paraffin-embedded tissue using
quantitative real-time PCR or in situ hybridization. Thus,
they are promising biomarkers for predicting drug efficacy.
Our previous studies have identified six miRNAs that were
down-regulated in colorectal cancer cell lines after expo-
sure to 5-FU. A further bioinformatic analysis (Targetscan:
http://www.targetscan.org/) clarified that only miR-197
contained a binding site at the 3’'UTR of the TYMS gene.
In this study, we investigated the regulatory role of miR-
197 in TYMS expression and its impact on 5-FU sensi-
tivity. Next, we examined its relevance to TYMS expres-
sion in the cancerous tissues of colorectal patients.

Method
Tumor cell culture

HCTS8 (ileocecal colorectal adenocarcinoma), HCT116
(colorectal carcinoma), and SW480 (Dukes’ type B, col-
orectal adenocarcinoma) cells were purchased from Cell
Resource Center, IBMS, CAMS/PUMC). They were
maintained in DMEM medium (Gibco, Paisley, UK) sup-
plemented with 10 % fetal calf serum (FCS, Gibco, Pais-
ley, UK) in a humidified 5 % CO,/95 % atmosphere at
37 °C.

miRNA and siRNA transfection

The synthetic miR-197 mimic miR-197 inhibitor, mimic
control and inhibitor control were purchased from Gene-
Pharma (GenePharma Inc., Shanghai, China), and their
sequences are listed in Supplementary Table 1. The siR-
NAs for TYMS and siRNA control were synthesized (In-
vitrogen Inc.), and the sequences are listed in
Supplementary Table 2.

5-FU treatment and cytotoxicity assay

Twenty-four hours after transfection with the miR-197
mimic, mimic control, miR-197 inhibitor and inhibitor
control or TYMS siRNA and siRNA control, the CRC cells
were detached with trypsin and seeded in 96-well plates
(2 x 103/well). After 24 h, an additional 100 pL of med-
ium containing 5-FU was added, and the cells were cul-
tured for an additional 5 days. The concentration of 5-FU
was 1 pg/mL. The cell viability was measured with a Cell
Titer 96 Aqueous assay kit (Promega) according to the
manufacturer’s instructions on days 1, 3 and 5.

In vitro cell proliferation assay

HCTS8, HCT116, and SW480 cells were transfected with
the miR-197 mimic, mimic control, miR-197 inhibitor and
inhibitor control, detached with trypsin and seeded in
96-well plates (2 x 10°/well). The cell proliferation was
assessed with the CellTiter 96 Aqueous kit (Promega,
Madison, WI, USA) on days 0, 2 and 5.

In vitro cell cycle assay

HCTS8 cells transfected with the miR-197 mimic, mimic
control, miR-197 inhibitor and inhibitor control were cul-
tured for 3 days, harvested and quantified. One million
tumor cells were fixed with 70 % cold ethanol at 4 °C for
30 min, washed twice with PBS, and stained with 50 pg/ml
PI (Sigma, USA) at room temperature for 5 min. The data
were analyzed with the ModFIT software.

RNA reverse transcription and qRT-PCR

The total RNA was extracted using the Trizol total RNA
isolation reagent (Invitrogen) and purified with the Col-
umn DNA Erasol kit (TIANGEN, Beijing, China)
according to the manufacturers’ instructions. The mRNA
expression levels were assessed with qRT-PCR using
SYBR Green I (TaKaRa, Dalian, China). The gene
expression level was normalized to the endogenous ref-
erence gene GAPDH. The experiments were performed in
triplicate. The mRNA primers for qRT-PCRare listed in

@ Springer


http://www.targetscan.org/

878

Clin Transl Oncol (2015) 17:876-883

supplementary Table 3. The primers for miR-197 and U6
were purchased from QIAGEN (The sequence were listed
in supplementary Table 4). The miRNAs were reverse
transcribed with the miScript Reverse Transcription Kit
(QIAGEN, Duesseldorf, Germany). The expression of
mature miRNAs was measured using miRNA-specific
quantitative qRT-PCR (TaKaRa, Dalian, China). The
expression levels were normalized to the U6 endogenous
control and calculated using the comparative Ct (AACt)
method.

Western blot analysis

After being washed twice with PBS, the cells were lysed in
ice-cold radio immunoprecipitation assay (RIPA) lysis
buffer (Beyotime, Nanjing, China) and manually scraped
from the culture plates. The proteins were separated using
10 % sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE), transferred to a polyvinylidene
difluoride (PVDF) membrane and incubated with anti-
TYMS antibody (1/1000; Santa Cruz Biotechnology, Santa
Cruz, CA) or anti-GAPDH antibody (1/2000; Santa Cruz
Biotechnology, Santa Cruz, CA), followed by incubation
with a secondary anti-rabbit or anti-mouse horseradish
peroxidase-conjugated antibody (1/3000; Santa Cruz
Biotechnology, Santa Cruz, CA). The antibody-antigen
complexes were detected using a chemiluminescent ECL
reagent (Millipore).

Dual luciferase reporter gene construct and dual
luciferase reporter assay

A fragment of the TYMS 3'UTR that contained the
predicted binding site for hsa-miR-197 and flanking
sequence on each side was synthesized with a short
extension that contained cleavage sites for Xbal (5’ end)
and NotI (3’ end); a second fragment that contained a
mutated sequence of the binding site was also synthe-
sized. The two constructs were termed WT (TYMS-wild
type) and MT (TYMS-mutant). The fragments were
cloned into the pRL-TK vector (Promega Corporation,
Madison, WI) downstream of the renilla luciferase
reporter gene. The sequences of the miR-197 binding site
and mutant site are shown in Supplementary Table 5.
Each vector, along with 100 ng of pGL3 and 200 nmol/L
miR-197 mimic or mimic control, was transfected into
293T cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instruc-
tions. The cells were harvested 24 h after transfection
and assayed for renilla and firefly luciferase activity
using the dual-luciferase reporter assay system (Promega,
Madison, WI, USA).
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Clinical samples

Fourteen paraffin-embedded tissue samples of primary
cancer were obtained from patients with stage I'V colorectal
cancer (according to AJCC Cancer Staging Manual, 7th
Edition) [Edge SB, Byrd DR, Compton CC, Fritz AG,
Greene FL, Trotti A, editors. AJCC cancer staging manual
(7th ed.). New York, NY: Springer; 2010] who underwent
palliative surgery at the Peking Union Medical College
Hospital between 2004 and 2009. Eligibility included
metastatic colorectal cancer with primary tumor resected
and measurable disease according to the revised response
evaluation criteria in solid tumors (RECIST) guideline
(version 1.1) [3] after surgery. Eligible patients were
treated with four cycles of the mFOLFOX-6 regimen,
which consisted of 85 mg/m? i.v. oxaliplatin over 2 h
concurrent with 400 mg/m? leucovorin, followed by
400 mg/m* 5-FU as an i.v. bolus and a subsequent
administration of 2400 mg/m*> 5-FU over 46 h. Each
treatment cycle was 2 weeks. The response and progres-
sion were evaluated every 8 weeks using the RECIST
guidelines. The basic parameters of patients are listed in
Supplementary Table 6.

The TYMS expression and microsatellite instability
were evaluated using immunohistochemistry. Briefly, the
5-pm sections were deparaffinized, followed by antigen
retrieval via heat-induced epitope retrieval with 10 mM
citrate buffer. The sections were incubated with anti-
TYMS (1/100, Santa Cruz Biotechnology, Santa Cruz,
CA), anti-MLHI1 (1/100; Santa Cruz Biotechnology, Santa
Cruz, CA), anti-PMS2 (1/100; Santa Cruz Biotechnology,
Santa Cruz, CA), anti-MSH2 (1/100; Santa Cruz Biotech-
nology, Santa Cruz, CA), anti-MSH6 (1/100, Gene tex,
CA). The first antibody was detected using the avidin—
biotin-peroxidase technique (Dako LSAB Kit, Dako). A
pathologist determined the expression levels of TYMS,
MLH1, MSH2, PMS2 and MSH6. The classification of “—
or +” was defined by the percentage of TYMS positive
cells at the levels of <10 % or 10-100 %, respectively. The
classification of “— or +” was defined by the percentage of
MLHI1, MSH2, PMS2 and MSH6 at the levels of <1 % or
1-100 %, respectively. Negative immunohistochemical
expression for at least one of these MMR proteins was
defined as microsatellite instability.

Statistical analysis

Comparisons between groups were analyzed using ¢ tests
(two-sided). Differences with p values of less than 0.05
were considered significant. The correlation between miR-
197 and TYMS expression was assessed with the SPSS
assay and correlate bivariate Kendall is tau-b assay.
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Result

miR-197 directly inhibited TYMS expression via its
3J'UTR

Our previous studies have identified six miRNAs that are
significantly down-regulated in colorectal cancer cell lines
after exposure to 5-FU [4], but the involvement of these
miRNAs in 5-FU sensitivity s undefined. We used bioin-
formatics analysis to identify microRNA targets. A con-
served binding site of miR-197 was observed in the TYMS
3'UTR (Fig. 1a). To test whether TYMS is a target of miR-
197, we conducted a standard luciferase reporter assay in
293T cells. The 293T cells were transfected with the
luciferase construct TYMS-WT or TYMS-MT, along with
the internal control vector pGL3 and either the miR-197
mimic or the mimic control. The cells were harvested after
48 h and analyzed for dual luciferase activity. The results
show that the renilla luciferase activity in TYMS-WT-
transfected cells decreased by more than 40 % in the
presence of co-transfected miR-197 mimic compared to
cells that were co-transfected with the mimic control. In
addition, the site-directed mutation of the seed region
offset the inhibitory effect of the miR-197 mimic (Fig. 1b).
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Fig. 1 TYMS is a direct target of miR-197. a The putative binding
site for miR-197 in the 3'UTR of TYMS was revealed by Target Scan
(http://www.targetscan.org/). b The miR-197 binding site on TYMS
3'UTR was confirmed with a luciferase assay in 293T cells after co-
transfection with (1) a plasmid containing a fragment of TYMS
3'UTR that included either the wild type or mutant predicted miR-197

To determine the ability of miR-197 to regulate the
expression of TYMS in HCC, we measured the protein
levels of TYMS in HCT8 and SW480 cells that were
transfected with the miR-197 mimic, mimic control, miR-
197 inhibitor or the inhibitor control. The results showed
that the TYMS protein level increased after transfection
with the miR-197 inhibitor, and TYMS was down-regu-
lated after transfection with the miR-197 mimic compared
to the control groups (Fig. Ic, d).

miR-197 sensitize colorectal cancer cells to 5-FU
treatment

Because miR-197 modulates TYMS protein expression by
directly targeting the 3'UTR of TYMS mRNA, we
hypothesized that miR-197 might impact the sensitivity of
colorectal cancer cells to 5-FU. 5-FU was added 24 h after
the interference of miR-197 expression (the interference
efficacy is shown in supplementary Fig 1) in HCTS cells.
Five days after the exposure to 5-FU, the MTS assay
showed that a larger number of cells transfected with miR-
197 inhibitor survived compared to control-transfected
cells, and the OD values were 1.19 + 0.56 vs. 0.48 + 0.14,

respectively (p < 0.05, Fig. 2a). In contrast, the
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expression in HCT8 and SW480 cells after transfection with the miR-
197 inhibitor and miR-197 mimic (800 nM)
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Fig. 2 Effect of miR-197 on the sensitivity of HCTS cells to 5-FU
chemotherapy. Transfected cells were detached with trypsin and
seeded in 96-well plates (2 x 10*/well) after 24 h, an additional
100 pL of medium containing 5-FU was added, and the cells were
cultured for an additional 5 days. The cell viability was measured
with a CellTiter 96 Aqueous assay kit on days 1, 3 and 5. a HCTS8
cells were transfected with miR-197 inhibitor and inhibitor control.
b HCTS cells were transfected with miR-197 mimic and mimic
control

overexpression of miR-197 enhanced the cytotoxic effect
of 5-FU compared to the control, and the OD value was
0.84 + 0.17 vs. 1.28 £ 0.18 (p < 0.05; Fig. 2b). Similar
results were obtained in HCT116 and SW480 cells (Sup-
plementary Figs. 2, 3).

miR-197 did not influence proliferation and cell
cycle of colorectal cell lines

Boni V et al. revealed that miR-192 and miR-215 not only
modulated the expression of TYMS but also played an
important role in regulating the cell cycle and proliferation
of colorectal cancer cells [5]. Thus, miR-197 may affect
cell proliferation and the cell cycle. MiR-197 did not sig-
nificantly correlate with proliferation and the cell cycle in
HCTS8 cells transfected with miR-197 mimic, miR-197
inhibitor and respective control [supplementary Fig 4 A,
B]. Functional assays conducted in HCT116 and SW480
cell lines produced similar results (As shown in supple-
mentary Fig 4 C, D).
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The correlation of TYMS expression
with chemosensitivity to 5-FU

Resistance to fluoropyrimidine has been associated with
TYMS gene amplification and increased TYMS protein
expression. Our studies showed that the inhibition of
TYMS expression (the interference efficacy is shown in
Fig. 3a) augmented the chemosensitivity of the colorectal
cancer cell line HCTS8 to 5-FU, which agreed with previous
studies (as shown in Fig. 3b).

The correlation between miR-197 and TYMS
expression in colorectal cancer tissues

To define the relationship between miR-197 and TYMS
expression in colorectal cancer tissues, we immunohisto-
chemically stained formalin-fixed and paraffin-embedded
(FFPE) tissues from stage IV colorectal cancer patients
who received FOLFOX regimen as a first-line
chemotherapy for TYMS (as shown in Fig. 4a, b). Next, we
measured the miR-197 expression in cancerous tissues
using quantitative PCR assays in seven TYMS-positive and
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Fig. 3 Effect of TYMS on the sensitivity of HCT8 cells to 5-FU
chemotherapy. a The Western blot assay showed that TYMS was
down-regulated in HCTS8 cells transfected with the TYMS siRNA.
b HCTS8 cells transfected with TYMS SiRNA or control were
detached with trypsin and seeded in 96-well plates (2 x 103/well).
After 24 h, an additional 100 pL of medium containing 5-FU was
added, and the cells were cultured for an additional five days. The cell
viability was measured with a CellTiter 96 Aqueous assay kit on days
1,3 and 5
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seven TYMS-negative patients. A significantly negative
correlation was observed between TYMS and miR-197
expression (p < 0.05). The expression level of miR-197 in
TYMS-negative patients was significantly higher than that
in TYMS-positive patients (p < 0.05, Fig. 4c).

However, the expression level of miR-197 was not
significantly associated with the efficacy of FOLFOX
treatment. Although we observed a relatively low level of
miR-197 expression in patients with progressive diseases
and a higher expression level in patients who partially
responded to the FOLFOX regimen, the difference did not
reach statistical significance (p > 0.05, Fig. 4d). The con-
clusion is not sufficiently persuasive, and several aspects
need to be clarified. First, the FOLFOX combination reg-
imen, which consists of 5-FU, leucovorin and oxaliplatin,
is the standard first-line chemotherapy for adjuvant and
metastatic colorectal cancers. The association was likely
confounded by the use of oxaliplatin. Second, this study

only included a limited number of stage IV colorectal
patients. Most cancerous tissues of metastatic colorectal
cancer patients were not available because the opportuni-
ties to surgically resect the primary site were limited.
Moreover, patients with stage II and III cancer who
accepted adjuvant chemotherapies of 5-FU-based regimens
were excluded due to a lack of measurable or assessable
disease sites. Third, miR-197 may target multiple other
genes that are involved in the processes of carcinogenesis
and drug-related metabolism, leading to a somewhat
inconclusive result.

The correlation between microsatellite instability
phenotype with miR-197 or TYMS expression
in colorectal cancer tissues

We detected microsatellite instability phenotype status in
14 patients using immunohistochemistry for MLHI,
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Fig. 4 The relationship between TYMS and miR-197 in CRC
patients. a, b Immunohistochemistry of TYMS, a is negative, b is
positive; ¢ the relationship between the expression of miR-197(real
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MSH2, MSH6 and PMS2 proteins in paraffin-embedded
tissues. We found 4 patients with MSI (microsatellite
instability) and 10 patients with MSS(microsatellite sta-
bility) (Supplementary Table 6 and Supplementary Fig. 5).
Microsatellite instability phenotype of these patients was
not significantly associated with benefit from chemother-
apy. Besides, we also found that MSI was neither associ-
ated with the expression of TYMS, nor the expression of
miR-197.

Discussion

Recently, several miRNAs have been implicated in the
resistance to fluoropyrimidine. miR-21 was found to pro-
mote the resistance of tumor cells to 5-FU by targeting
human mutS homolog 2(hMSH2), one of the members of
the core mismatch repair (MMR) recognition protein
complex [6, 7]. MiR-23 expression was also discovered to
undermine 5-FU-induced apoptosis by regulating apopto-
sis-activating factor-1 (APAF-1)/caspase-9 apoptotic
pathway [8]. On the contrary, other miRNAs, such as miR-
34a [9], miR-122 [10], and miR-129 [11], were revealed to
enhance the cytotoxic effect of 5-FU via the down-regu-
lation of Sirtl and E2F3 [12], PKM2 [13], and B cell
lymphoma 2 (BCL2) [14], respectively. These miRNAs
mainly exert their functions by affecting the apoptosis
signaling pathway. Moreover, clinical studies indicated
that miR-19a [15], miR-148a [16], and miR-150 [17] may
predict the therapeutic outcome of fluoropyrimidine treat-
ment, but the regulatory mechanisms involved remain
unknown. Furthermore, several miRNAs reportedly influ-
ence the sensitivity to fluoropyrimidine-based chemother-
apy by regulating the expression of TYMS. Boni V et al.
identified that miR-192 and miR-215 might play a part in
5-FU sensitization in colorectal cancer cell lines [5].
Gotanda K et al. observed that the overexpression of miR-
433 significantly reduced the levels of TYMS mRNA and
protein in cervical cancer HeLa cells, which increased the
sensitivity to 5-FU [18]. Finally, the association of genetic
polymorphisms at the 3'UTR of TYMS gene with
chemotherapeutic efficacy offered additional indirect evi-
dence that specific miRNAs likely modulate the expression
of TYMS [19].

The study findings regarding the function of miR-197 as
an oncogene or tumor suppressor gene in different types of
cancer are inconclusive. Recently, miR-197 has been
identified as an oncomiR in hepatocellular carcinoma [20],
non-small-cell lung cancer [21], pancreatic cancer [22] and
male breast cancer [23]. However, other studies revealed
that miR-197 was down-regulated in esophageal cancer
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[24], oral carcinoma [25], gastric carcinoma [26],
osteosarcoma [27] and astrocytomas [28], and might exert
an anti-cancer effect on these cancers. This discrepancy
may be attributed to the distinct miRNA signatures of
organ/tissue-specificity and temporal expression patterns.
At present, the underlying mechanism of miR-197
involvement in colorectal cancer remains unknown.
Regarding the correlation between miR-197 and drug
resistance, miR-197 was reported to be significantly down-
regulated in head and neck squamous cell lines with mul-
tidrug cross-resistance induced by docetaxel, but the
molecular mechanism remains unclear [29]. Moreover, the
mechanisms underlying the resistance to a single agent
may considerably differ from that of multidrug resistance,
which is mainly caused by the overexpression of ABC
transporters. To the best of our knowledge, this study
demonstrated for the first time that TYMS is a novel, direct
target of miR-197. Because increased TYMS expression in
colorectal cancer is well established to be closely linked to
resistance to fluoropyrimidines, we analyzed the impact of
miR-197 on the resistance to 5-FU in colorectal cancer cell
lines and patients.

Microsatellite instability phenotype was detected in the
14 patients. However, MSS/MSI status of these patients
was not significantly associated with benefit from
chemotherapy. Some previous studies had reported that
patients with MSI and stage II tumor might not benefit
from 5-FU single-agent therapy. Patients included in this
study were diagnosed with stage IIIC or stage IV colorectal
cancer. Our study found no correlation of MSI with effi-
cacy of chemotherapy, which is in accordance with pre-
vious studies. Besides, we also found that MSI was neither
associated with the expression of TYMS, nor the expres-
sion of miR-197.

In conclusion, we demonstrated that miR-197 increases
the sensitivity of colorectal cancer cells to the cytotoxic
effect of 5-FU by regulating TYMS expression and that the
miR-197 level negatively correlated with TYMS expres-
sion in cancerous tissues. Our findings highlight the
potential value of miR-197 as a predictive tool for
assessing the response to 5-FU treatment and also suggest
that the overexpression of miR-197 may be a useful ther-
apeutic strategy to reverse the resistance to 5-FU. Addi-
tional studies should be conducted to identify other
possible targets of miR-197 and their involvement in col-
orectal cancer.
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